The compound 1,2,3,4,6-penta-O-galloyl-β-D-glucose (PGG), a gallotannin present in various plants such as Rhus chinensis Mill and Paeonia suffruticosa, has a broad spectrum of antiviral effects. The present study investigated its potency against infection of mice with rabies virus (RABV). Results demonstrated that PGG strongly inhibited virus titers (50-fold), viral mRNA expression (up to 90%), and protein synthesis in vitro. Importantly, we found that PGG not only suppressed viral adsorption and entry, but also directly inactivated RABV through suppression of autophagy by mediating activation of the mTOR-dependent autophagy signaling pathway. In vivo, PGG (10 mg/kg) alleviated the clinical symptoms and reduced the mortality of infected mice by 27.3%. Collectively, our results indicate that PGG has potent anti-RABV effect, and merits further investigation as an anti-RABV drug.
Introduction
Rsbies virus (RABV) is an enveloped, single-stranded negative-sense RNA virus belonging to the genus Lyssavirus of the Rhabdoviridae family, which invades the central nervous system and causes fatal encephalitis in mammals and humans. It has been estimated that over 60,000 humans die of rabies with more than 15 million humans worldwide receiving postexposure prophylaxis every year [1] . Rabies is still an incurable disease and practically the only way to prevent it is pre-or postexposure vaccination. Although several humans have reportedly survived rabies infection following treatment based on the "Milwaukee protocol" [2, 3] , this has been accompanied by severe neurological sequelae and the protocol has failed in most cases [4] . Treatment of rabies remains a major challenge, therefore, and requires the development of alternative strategies.
RABV involves five structural proteins: nucleoprotein (N), phosphoprotein (P), matrix protein (M), glycoprotein (G), and RNA-dependent RNA polymerase (L). Among them, P, as a constituent of the viral ribonucleoprotein complex, can not only interact with N and L, but also interact with several host proteins, such as dynein dynein light chain 8 (LC8), implicated in retrograde transport [5] , and signal transducer and activator of transcriptions, implicated with interferon antagonism [6] , which strongly suggests that P plays an important role in the life cycle of RABV [7] .
The chemical compound 1,2,3,4,6-penta-O-galloyl-β-D-glucose (PGG) is a hydrolysable phenolic tannin present in many traditional medicinal herbs such as Rhus chinensis Mill and Paeonia suffruticosa [8, 9] . PGG belongs to the group of gallotannins which also participates in the formation of ellagitannins.
It has several biological activities, including antimutagenic [10] , anti-inflammatory [11] , anticancer [12, 13] and antioxidant [14] . In addition, PGG has been reported to inhibit the replication of both DNA viruses, such as hepatitis B virus (HBV) [15] and herpes simplex virus (HSV) [9, 16, 17] , and a broad range of RNA viruses, including human immunodeficiency virus (HIV-1) [18] , respiratory syncytial virus (RSV) [19] , hepatitis C virus (HCV) [20] , human rhinoviruses (HRVs) [21] , and influenza A virus (IAV) [22] [23] [24] .
PGG has been reported to exert its antiviral effect by multiple mechanisms, including inhibition of the integrase and reverse transcriptase of HIV-1 [18] and the NS3 protease of HCV [20] . Moreover, PGG has been reported to inhibit the mTOR signaling pathway to enhance the scavenging effect of autolysosomes during HSV-1 infection, and to enhance autophagy resulting in the inhibition of influenza A viral growth and viral protein synthesis via modulation of Hsp90 induction and the mTOR/p70S6K signaling pathway [23] . However, the underlying mechanisms of the anti-RABV activity of PGG remained to be elucidated.
Autophagy is an evolutionarily conserved intracellular process which involves the formation of a double autophagosomal membrane, and plays an important role in the maintenance of cellular homeostasis and survival under stress conditions [25] . Three major pathways regulate autophagy induction: the mechanistic target of rapamycin (mTOR), which negatively regulates autophagy [26] ; Atg6/Beclin-1 and binding of Beclin-1 by the antiapoptotic protein Bcl-2 [27] ; and two ubiquitin-like conjugated processes associated with autophagosome formation [28] . Autophagy is an innate defense mechanism associated with the elimination of intracellular pathogens, via a process known as xenophagy, by degrading pathogens in autolysosomes [9, 16, 17] . PGG has been reported to exert its anti-HSV-1 and -IAV effects in association with autophagy [16, 23] . Several studies have shown that RABV infection can induce autophagy in neuroblastoma cells and cellular autophagy benefits RABV replication [29, 30] . However, whether PGG utilizes autophagy to inhibit the replication of RABV had not previously been investigated.
In the present study, the antiviral effect of PGG against RABV in vitro and in vivo was investigated, and its mechanism using mTOR-dependent autophagy to inhibit RABV replication was identified. As a comparison, we also included isoprinosine (IPS), an antiviral compound previously reported to inhibit RABV [31, 32] . Our results provide strong evidence showing that PGG has the potential to be used as an effective inhibitor of RABV replication.
Materials and Methods

Compounds
1,2,3,4,6-penta-O-galloyl-β-D-glucose (PGG, >98% purity, Figure 1a ) and isoprinosine (IPS, Figure 1b ) were purchased from Medchem Express (New Jersey, NJ, USA) and Toronto Research Chemicals (North York, TO, Canada). The compounds were dissolved in dimethyl sulfoxide (DMSO) and diluted in culture medium to a final concentration not exceeding 0.1% (v/v) to avoid toxicity.
Cell Cultures, Virus and Animals
BHK-21 cells were propagated in Minimum Essential Medium (MEM; Corning Inc., Corning, NY, USA) supplemented with 5% fetal bovine serum (FBS; Corning), 100 U/mL penicillin G, and 100 µg/mL streptomycin. RABV challenge virus standard (CVS)-11 strain was propagated in BHK-21 cells and stored at −80 • C. Virus titers were determined as 50% tissue culture infective doses (TCID 50 
Cytotoxic Assay
Plastic 96-well plates were seeded with BHK-21 cells and incubated at 37 • C for 24 h. The culture medium was replaced with fresh medium containing various concentrations of PGG (2.5-100 µM) or IPS (0.25-10 mM) and incubated for 48 h. The surviving cell fraction was determined using the sulforhodamine B (SRB) assay as described previously [33, 34] . Nonlinear regression analysis of the dose-response curves was used to determine 50% cytotoxic concentrations (CC 50 ).
Antiviral Assay
Twelve-well plates were seeded with BHK-21 cells and incubated as described above, then infected with CVS-11 (MOI = 0.1) at 37 • C for 1 h. After washing with PBS, the fresh culture medium was added to the cells containing various concentrations of PGG (1.25-20 µM) or IPS (0.125-2 mM) and incubated for 48 h. The antiviral effects were determined by calculating the reduction of virus as TCID 50 [35] . The inhibition rate (%) = [(control virus titer − treated virus titer)/(control virus titer)] × 100. The 50% inhibitory concentration (IC 50 ) was calculated by regression analysis of the dose-response curves. The results were expressed using the selectivity index (SI = CC 50 /IC 50 ).
Virus Titration
Ninety-six-well plates were seeded with BHK-21 cells and incubated as described above, then infected with 10-fold serial dilutions of the virus. After incubation for 72 h, virus titers were determined by a direct fluorescent antibody (DFA) assay [36] . Cells showing specific apple-green fluorescence were counted as being RABV-infected and virus titers were calculated as TCID 50 /mL by the Spearman-Kärber formula [37] .
Time-of-Addition Assay
Twelve-well plates were seeded with BHK-21 cells and cultured overnight. 10 µM PGG was added at various stages of the virus infection [38] : 1 or 2 h before RABV infection (−2, −1 h p.i.), together with RABV infection (0 h p.i.), and at 1-24 h post-RABV infection (1-24 h p.i.). After incubation for 48 h postinfection (p.i.), the culture supernatants were collected to determine virus titers as described above. Cell monolayers were lysed by radio-immunoprecipitation assay (RIPA) buffer and the viral P protein in infected cells were analysed by Western blotting.
Viral Adsorption, Entry and Inactivation Assay
Twelve-well plates were seeded with BHK-21 cells and cultured overnight. Cells were pretreated with various concentrations of PGG before being infected with CVS-11 (MOI = 0.1) at 4 • C for 1 h, and viral adsorption was assayed according to the method of Yang et al. [39] . There were two duplicate plates: a part of the cells was immediately lysed for qRT-PCR detection of the RABV P gene after viral infection; the other equal part was incubated for another 48 h. The virus titers in the supernatant and P protein expression in cells were detected respectively as described above.
BHK-21 cells were prepared as above and infected with CVS-11 at 4 • C for 1 h, for assay of viral entry according to the method of Luo et al. [40] . There were two duplicate plates: a part of the cells was immediately lysed for qRT-PCR detection of the RABV P gene after PGG treatment; the other equal part was incubated for another 48 h. The virus titers in the supernatant and P protein expression in cells were detected respectively as described above.
CVS-11 was coincubated with various concentrations of PGG at 37 • C for 1 h, and inactivation of RABV was assayed according to the method of Isaacs et al. [41] . After incubation for 48 h p.i., the virus titers in the supernatant were titrated and the viral P protein in the cell sheet was detected as described above.
Quantitative Real-Time Reverse Transcription PCR (qRT-PCR)
Twelve-well plates were seeded with BHK-21 cells, cultivated, and infected with CVS-11 as described above. The culture medium was replaced with fresh medium containing various concentrations of PGG and incubated for 48 h. Viral genome copies were quantified by qRT-PCR using the Agilent-Stratagene Mx3000P Q-PCR System according to a previously described protocol [42] . The primer sequences for RABV P amplification were as follows: forward: 5 -CCTCCTTTCAAACCATCCCA-3 and reverse: 5 -ACTTGCCTTCTCCCACCCTA-3 . The primer sequences for GAPDH (internal control) were as follows:
forward: 5 -GTTCAAAGGCACAGTCAAGG-3 and reverse: 5 -ACGCCAGTAGACTCCACAAC-3 . PCR conditions were as follows: denaturation at 95 • C for 30 s, followed by 40 cycles of 95 • C for 5 s and 60 • C for 1 min. Melting curves were performed to verify the specificity of products.
In-Cell Western Assay
Ninety-six-well plates were seeded with BHK-21 cells, infected with CVS-11, and treated with PGG as described above, and mock-infected was the negative control. After incubation for 48 h, cells were fixed with 4% paraformaldehyde for 30 min at room temperature, blocked with Odyssey blocking buffer (LI-COR) at 37 • C for 1 h, then incubated with mouse polyclonal antibody against RABV P protein (prepared by our laboratory) at 37 • C for 1 h. After washing with PBST, cells were incubated with Alexa Fluor 488 donkey antimouse IgG (H + L) at 37 • C for 1 h. After washing with PBST, the plates were observed using an Odyssey infrared imaging system (LI-COR).
Detection of mTOR-Dependent Autophagy by Western Blotting
Six-well plates were seeded with BHK-21 cells and cultured overnight before treatment with rapamycin or MHY1485 in MEM medium without FBS for 1 h. Following infection with CVS-11 for 1 h, cells were cultured in medium containing PGG, rapamycin, or MHY1485 for a further 24 h, then lysed in RIPA buffer containing Halt Protease Inhibitor Cocktail (Thermo, Waltham, MA, USA). Cell lysates (40 µg) were then subjected to SDS-PAGE. Western blotting was conducted with the indicated antibody according to a previously described protocol [43] . Protein bands were detected by an Odyssey infrared imaging system and the bands were quantified by ImageJ software (version 1.36b, NIH, Bethesda, MD, USA).
In Vivo Assay of PGG Anti-RABV Effects
Animal experiments were performed according to protocols approved by the Institutional Animal Care and Use Committees of the Academy of Military Medical Sciences (Laboratory Animal Care and Use Committee Authorization, permit number: JSY-DW-2016-02, in September 2015). Kunming mice were randomly divided into 10 groups (n = 10 or 11). Five groups were injected intramuscularly (IM) in both hind legs with a lethal dose of CVS-11 (10 LD 50 , 10 6.5 TCID 50 ) and 1 h later with intraperitoneal (IP) injections of saline or various concentrations of PGG or IPS daily for three consecutive days. The other five groups were used as healthy controls and treated identically, but without virus. All animals were observed daily for 21 days, and clinical signs were scored as described previously [44] .
Statistical Analysis
The data are expressed as the mean ± standard error of mean (SEM), and statistical evaluation was performed using one-way analysis of variance (ANOVA). Statistical significance was analyzed by the Student's t-test and the chi-square test using GraphPad Prism software (version 5.0, La Jolla, CA, USA), and p < 0.05 was considered as being statistically significant.
Results
Cytotoxicity and Inactivation of RABV by PGG
The cytotoxicity assay showed that the CC 50 of PGG and IPS was 22.48 ± 2.20 µM and 1.946 ± 0.180 mM, respectively (Table 1) , with no apparent cytotoxicity observed at working concentrations of up to 10 µM (PGG) and 1 mM (IPS). The inactivation assay showed that the virus titers in PGG-treated groups were decreased 65-625-fold and viral P expression was also reduced, whereas there were no significant differences in titers and P protein expression in IPS-treated groups as compared with controls (Figure 1c-e) .
Antiviral Effects of PGG In Vitro
As determined by antiviral assay, the IC 50 and selectivity indices (SI = CC 50 /IC 50 ) of PGG and IPS were 3.90 ± 0.82 µM and 5.76, and 0.3327 ± 0.0364 mM and 5.85, respectively ( Table 1) , showing that both compounds had significant anti-RABV effects in vitro.
As shown in Figure 2a , both PGG and IPS significantly inhibited the virus growth at 48 h p.i. Within the same time period, RNA copies of the P gene were decreased by 50-90% (PGG) and 60-93% (IPS) and the expression of CVS-11 G, N, P, and M proteins (Preparation of anti-RABV P, G, M and N polyclonal antibodies were listed in Supplementary Figures S1 and S2) were inhibited by PGG and IPS (Figure 2b-d) . Moreover, the P protein level was detected by incubating anti-RABV P protein polyclonal antibody and Alexa Fluor 488 donkey anti-mouse IgG (H + L) in the in-cell Western assay, and the result showed that the red fluorescence intensity of P protein was significantly decreased by 42-80% and 50-84% by PGG and IPS, respectively, as compared with controls (Figure 2e,f) . As shown in Figure 3a , virus titers were decreased by approximately 11-50-fold and 11-60-fold by PGG and IPS treatment, respectively, between 12 h and 48 h, as compared with controls. Furthermore, viral P protein levels were reduced at all time points (Figure 3b,c) . Taken altogether, the above results show that PGG significantly inhibits both the gene replication and protein synthesis of RABV with an efficacy similar to that of IPS. 
PGG Inhibits the Adsorption and Entry of RABV
Viral adsorption and entry was assayed after treatment with PGG. Results showed that PGG (5 or 10 µM) decreased viral P gene copies to 60% or 70%, respectively, at the viral adsorption stage and 35% or 53%, respectively, at the viral entry stage, as compared with controls ( Figure 4a) . After incubation for 48 h postadsorption, the virus titers were decreased by 15-and 32-fold by PGG (5 and 10 µM, respectively), and for entry, by 10-and 21-fold (Figure 4b) , consistent with the decreased RABV P protein expression (Figure 4c,d) . 
Time Course of PGG-Mediated Inhibition of RABV Replication
Virus P protein levels and virus titers were determined at different infection times following PGG treatment (Figure 5a ). Results showed that PGG significantly inhibited RABV growth, as evidenced by decreased P protein levels and virus titers (5-100-fold) (Figure 5b-d) . These results indicate that PGG inhibits RABV replication mainly at early stage of infection. 
PGG Inhibits RABV Replication Via Suppressing mTOR-Dependent Autophagy
We investigated whether PGG inhibited RABV replication by suppressing RABV-induced autophagy, and if so, by which pathway. Results showed that the autophagy marker protein LC3-II was decreased and the autophagic flux-specific protein SQSTM1 was increased (Figure 6a,b) after treatment with PGG, and furthermore, phosphorylation of mTOR was significantly increased. To further confirm that PGG-induced inhibition of autophagy is mTOR pathway-dependent, BHK-21 cells were pretreated with the mTOR inhibitor rapamycin or activator MHY1485 before infection with CVS-11. As shown in Figure 6c -f, rapamycin inhibited the activation of mTOR, resulting in the increase of both cellular autophagy and P protein levels. In contrast, MHY1485 promoted the activation of mTOR, resulting in suppression of both cellular autophagy and P protein levels. Importantly, we found that the inhibitory effect of PGG was diminished when cells were pretreated with rapamycin; meanwhile, the inhibitory effect of PGG was enhanced when cells were pretreated with MHY1485, which strongly supports the conclusion that mTOR plays a key role in PGG-induced autophagy inhibition (Figure 7a-e) . 
Antiviral Effects of PGG In Vivo
Kunming mice were infected or uninfected with CVS-11 and 1 h later with IP injection of PGG (10 or 20 mg/kg) for three days. An identical group was treated with IPS groups (500 or 1000 mg/kg) in place of PGG. Body weights, clinical signs, and mortalities were monitored until 21 days p.i. As shown in Figure 8 , overall clinical signs and body weight loss were alleviated in all challenged mice, no matter whether they received PGG or IPS treatment, and gradual recovery was observed after 11-14 days post challenge, as compared with untreated challenged controls, which all developed incoordination at 4-6 days p.i. and rapidly progressed to hunching, trembling, paralysis, and finally 100% mortality. It is noted that 27.3% of challenged mice survived in the 10 mg/kg PGG group, while 30% of challenged mice survived in the 20 mg/kg PGG group, but this PGG dose showed toxicity and caused 40% mortality (4/10) of unchallenged mice. For the IPS groups, 20% (500 mg/kg) and 30% (1000 mg/kg) of challenged mice survived and showed no obvious toxicity (Figure 8c ). 
Discussion
Several phenolic compounds and their derivatives have been reported to inhibit RABV in vitro, such as catechin, quercetin, 3,4,5-trimethoxy-acetophenone, and 3,4,5-trimethoxybenzoic acid ethyl ester [45] . PGG is a hydrolysable gallotannin of a phenolic compound with five free hydroxyl groups of glucose and gallic acid acylation (see Figure 1a) . Interestingly, PGG has a symmetrical chemical structure, resulting in greater hydrophobicity and lower oxidative effect in an aqueous environment than epigallocatechin-3-gallate, epigallocatechin, and hexagalloylucose [46, 47] . Several gallates possess anti-HSV and anticytomegalovirus activity due to inhibition of viral adsorption and entry by their hydroxyl groups [48] . The galloyl moieties of gallic acid and galloyl glucose also have anti-HIV-1 activity [49] , suggesting that the gallate structure of PGG, not its gallic acid moieties, likely plays a critical role in the inhibition of RABV replication, and its five free hydroxyl groups might be involved in inhibition of RABV adsorption and entry.
Previous studies have reported that phenolic compounds exert their antiviral effects not only by directly inactivating the virus before cellular invasion [41, 50] , but also by suppression of the replication of the viral genome, synthesis of viral proteins, and production of progeny viruses after entrance of the virus into cells. Herein, we have shown that PGG exerts its anti-RABV effect by all these activities. To convincingly demonstrate the antiviral potency of PGG, we tested isoprinosine (IPS) in parallel to compare the efficacy and toxicity of these two compounds, since the latter has been reported to potently inhibit the growth of RABV ERA and VA319 strains in cell cultures [31] . Our results showed that PGG had an efficacy against rabies virus in vitro similar to that of IPS. Glasgow and Galasso reported that IPS (300 mg/kg) reduced the mortality of street RABV-infected mice by 16%, although this effect was not considered statistically significant [32] . The higher doses used in the present work (IPS: 500 and 1000 mg/kg and PGG: 10 and 20 mg/kg) were selected according to the published literature [46, 47] . Both doses showed an inhibitory effect, protecting about 30% of challenged mice from death; however, the PGG dose of 20 mg/kg produced some toxicity in unchallenged mice, indicating that 10 mg/kg is the safe dose. All 10 untreated saline control animals died at 11 days p.i. Deaths in the three treated groups occurred between 12-14 days p.i., and all dead mice were shown to be positive for RABV by fluorescent antibody test (FAT), except for the 20 mg/kg PGG group, with 50% (5/10) of the challenged mice dying before five days p.i with negative FAT staining, indicating that these mice died of the toxicity of PGG. The results indicate that PGG exerted an anti-RABV effect in vivo similar to that of IPS, but 20 mg/kg PGG had a certain toxicity.
Autophagy has been found to play critical roles in facilitating or inhibiting viral replication in multiple cellular signaling pathways, such as Atg6/Beclin-1, Beclin-1/Bcl-2, MAPK/ERK1/2, and ULK1/Atg1/mTOR [29, 51, 52] . RABV infection has been reported to induce autophagy during viral replication in human and mouse neuroblastoma cell lines, via downregulating the CASP2/caspase 2 pathway or by activating AMPK-AKT-mTOR and AMPK-MAPK pathways. Additionally, the promotion of autophagy by rapamycin or Earle's balanced salt solution enhanced RABV replication, while inhibition of autophagy by wortmannin or 3-methyladenine suppressed RABV replication [29, 30] . Considering previous studies showing that PGG can inhibit the replication of HSV-1 and IAV by inducing autophagy, PGG could also induce autophagy in cancer cells [53, 54] . Therefore, we further explored whether PGG exerts an anti-RABV effect through reversing RABV-induced autophagy, and which mechanism was involved in PGG-associated autophagy. Our results demonstrated that PGG significantly suppressed autophagy and inhibited the replication of RABV, in accompaniment with decreased LC3-II expression levels and increased phosphorylation of mTOR. Importantly, we found that the inhibition of mTOR diminished the anti-RABV efficacy of PGG, accompanied with decreased mTOR phosphorylation and increased LC3-II, as compared with PGG monotreatment, which strongly supports the conclusion that mTOR plays a key role in PGG-induced autophagy inhibition.
In summary, our study showed that PGG could inhibit RABV replication in cell cultures and demonstrated an antiviral effect in RABV-infected mice, indicating that this compound could be a potential candidate for the development of an anti-RABV drug [51] . 
